Modeling can provide guidelines for improving the mechanical properties, durability, and sustainability of concrete, which is the most important and widely used construction material in today's world. This review aims to summarize the modeling of cementitious materials from the historical perspective. The development of macroscopic constitutive models and computational methods for concrete at macro-scale is presented first. However, the existing macroscopic models are insufficient to explain fundamentally the deformation and failure of concrete. In order to understand the atomic interaction that governs the material behavior, molecular dynamics (MD) simulations should be adopted in order to understand the fundamental deformation mechanisms of cement, fiber-reinforced polymers (FRP), and related systems. Coupled with the development of nano-scale modeling, multi-scale modeling is introduced in order to build linkage between nano-scale and macro-scale models. This paper provides a clear understanding of the limitations and potentials of different modeling methods, as well as the development trend of cementitious materials. The future prospect of the nano-engineering approach is illustrated so as to inspire the improvement of construction materials. Additionally, the key challenges associated with cementitious material modeling are discussed.
Introduction
Concrete became the most widely used construction material in the world in the twentieth century. Its mechanical properties, durability, and sustainability are not only privileged subjects in academia; most importantly, they are closely related to human daily life. Civil infrastructure depends on the extensive use of concrete, and it is expected to resist severe environmental conditions during its service life. Especially with the increase in DOI: 10.1002/adts.201900047 extreme climate globally, the probability of weather such as rainstorms, snowstorms, hail, and hurricanes will rise greatly. This increase in extreme weather makes the environmental impact on concrete structures worse. Therefore, ensuring the durability of cementitious materials is a very important issue in the construction industry. The durability of concrete can be defined as its ability to resist weathering action, chemical attack, and abrasion while maintaining its desired engineering properties. With the increase in durability of building materials, the maintenance of concrete structures can be reduced, which can save manpower and energy. Moreover, because of its irreplaceable role in infrastructure developments, the large consumption of concrete causes large amounts of carbon emissions. Carbon emissions from concrete are not only uncontrolled, but have also increased in recent years due to the growth of the global population and the acceleration of urbanization. Therefore, it is very urgent and important to improve the performance of concrete. [1] Modeling can provide guidelines for improving the mechanical properties, durability, and sustainability of concrete so as to reduce its negative impact on the environment and enhance the safety of structures. Concrete has been characterized as a multi-phase material with several different representative scales. From atomistic scale to macro-scale, a wide range of models and computational techniques have been proposed to understand the behavior of materials and their proper applications. Models of concrete under different scales are shown in Figure 1 . One of the key points in concrete modeling is the modeling of cementitious materials because the mechanical properties of concrete are largely determined by cementitious materials. [2] Research breakthroughs in cementitious materials will greatly help the development of construction materials.
Development and improvement of the cementitious materials modeling technique can be inspired by historical analysis. Modern modeling technology has been developing fast since the last century because of the improvement of computing power. The development of modeling is briefly described in Figure 2 . The research on cementitious materials starts at the macro level. Traditionally, the modeling is mainly empirical because it is obtained from the analysis and summary of a large number of experimental results. The representative empirical models of concrete are macroscopic constitutive models. Most constitutive models are based on different mechanical theories, such as elastic mechanics, plastic mechanics, damage mechanics, and fracture mechanics. Once the constitutive model of concrete is established, we can apply the numerical method to engineering structures. The development of numerical methods has played an important role in the calculation of constitutive equations. The classical numerical approaches, taking the finite element method (FEM), finite difference method (FDM), and finite volume method (FVM) as examples, are widely used in the engineering field. When modeling the propagation of various discontinuous problems, such as cracks and material interfaces, the limitation and difficulty in using FEM is the excessive reliance on mesh boundary propagation. The extend finite element method (XFEM) was proposed in the 1990s in order to solve linear elastic fracture problems. After incorporating the cohesive zone model (CZM), quasi-brittle fracture can be simulated by XFEM. In this method, the failure process of materials is simulated by CZM and the crack behavior is simulated by XFEM. Macroscopic models are closely integrated with structural analysis, and at the same time are more intuitive and easy to understand. However, the macro-scale model means that researchers have to do a lot of full-scale experiments in order to study its nature and properties, which may sometimes increase the experimental time and unnecessary capital investment. Most importantly, the destruction of materials begins at the nano-scale level when the bonds between atoms are broken. The atomic interaction that governs the material behavior cannot be explained by traditional analytical methods and theories because they are macroscopic and continuous, and so cannot touch the fracture of the atomic bond. In order to understand the fundamental deformation mechanisms of cementitious materials, nanotechnology should be introduced into research on construction materials. Recently, the bottom-up method has shown the potential as the key approach for proposing future construction materials. [3] The emergence of MD simulations not only promotes the development of bottom-up modeling but also provides inspiration for traditional construction materials. An earlier meaningful attempt was made in the 1950s, outlining a method that successfully calculated hundreds of interacting classical particles. [4] Because the size of the simulation was limited by computing power until the recent breakthrough in computer performance brought about by the third technological revolution, the MD simulation is widely used and has demonstrated extraordinary achievements in material properties studies. [5] MD simulations consist of the numerical solution and step-by-step solution of the Newtonian equations. In order to solve the equation, forces acting on atoms need to be calculated; and these calculations are usually derived from potential energy. [6] Eventually, the displacement, velocity, and acceleration of all atoms in the system under study can be evaluated. After spanning many cutting-edge fields such as physics, chemistry, biology, and pharmacy, MD simulations have also shown their presence in the construction industry. With the development of MD simulations, researchers can model cementitious materials in a fundamental way, which provides a fundamental description of the underlying properties and a deeper understanding of the macroscopic deformation phenomena of concrete. In particular, nano-additives such as carbon Denvid received his Ph.D. in the field of structures and materials from MIT. Currently, he is an associate professor with tenure at CityU. His research focuses on the multiscale modeling of organic-inorganic system, moisture-induced debonding, durability of concrete-epoxy system, and FRP composites in structural rehabilitation.
fibers, glass fibers, and basalt fibers can improve the durability and mechanical properties of concrete. The mechanism of nanoadditives under various matrices and environmental conditions need to be investigated. Through atomistic models, interfacial properties between fiber and matrix can be calculated in a precise way. Furthermore, the nano-engineering approach allows the study of not only the mechanical performances of these nanoadditives during the fabrication and application processes, but also the effects of fiber mass concentration, dispersion, and aspect ratio on the properties of composites. However, macroscopic modeling is suitable for homogeneous materials that cannot be Concrete is considered homogeneous in macro-scale modeling. Aggregate, mortar matrix, and interfacial transition zone are introduced in meso-scale modeling. In nano-scale, the model is composed of atoms and molecules and the cement matrix is the focus of modeling.
Figure 2.
A brief history of cementitious materials modeling development: From a historical perspective, we can find that the development of cementitious material models is a process from empirical to basic modeling. The macro-scale material modeling was proposed from the concept of finite element in 1960. When people expected that the mechanical model of concrete will be built more accurately, in 1980s CZM was proposed to fill the gap of classic FEM. And then XFEM proposed to solve the meshing problem in fractures. It was found that macroscopic material modeling cannot explain the mechanism of concrete failure. Therefore, nano-scale modeling of cementitious materials has been proposed. Relying on the development of nanoscale modeling in physics and chemistry, the modeling of cementitious materials has exploded after the twenty-first century. Researchers did not stop after progressing at nanoscale modeling, but wanted to combine macro and nano modeling.
directly applied to the study of fiber-related issues. Therefore, MD simulations will provide a better understanding and help researchers. A comprehensive review of modeling cementitious materials can bring us far beyond the scope of construction. The objectives of this paper are to build a background for what is currently understood about cementitious materials modeling and to demonstrate the development trend of cementitious materials efficiently and accurately. The paper starts with a historical analysis of cementitious modeling methods, with references from early and contemporary writers narrated and evaluated by themes along timelines. The development of cementitious material modeling, as well as the advantages and limitations of macro-scale, nano-scale, and multi-scale modeling are introduced with emphasis on the improvement of the nano-engineering approach, and linkage between nano-scale and macro-scale. It is important to summarize previous work because such work was intended to help people solve problems that may still exist today. In order to accelerate the development of cementitious material modeling, it is necessary to have a comprehensive knowledge of previous research work and a clear understanding of the limitations and potentials of different modeling methods. Eventually, the paper will provide an update on the current stateof-the-art of the modeling of cementitious materials and also discuss the future prospects of the same.
www.advancedsciencenews.com www.advtheorysimul.com the development of concrete modeling between different lengthscales is inter-connected. In the section on macro-scale modeling of concrete, the development of concrete macroscopic constitutive models and calculation methods are summarized. Specifically, the development of concrete constitutive models is based on the development of mechanical theories, which include linear elastic models, nonlinear elastic models, plastic models, damage models, and new interdisciplinary models. In order to apply macroscopic constitutive models to engineering structures, the solution domain needs to be discretized, which constitutes the key content of numerical calculation methods. Numerical methods have played an important role in the calculation of constitutive equations. FEM was first proposed in the development of numerical methods. However, traditional FEM cannot correctly simulate the crack propagation in material fracture modeling. Later, XFEM was proposed in the 1990s in order to solve linear elastic fracture problems. After CZM was introduced into XFEM, quasi-brittle fracture was able to be modeled, which meant that CZM-XFEM became a common method for the macroscopic modeling of concrete. However, because macroscopic models consider concrete as a homogeneous material, they cannot deal with localized problems, which is also one of the reasons that we need to use smaller scales.
In nano-scale modeling, MD simulations have developed rapidly in recent decades as a powerful tool for cementitious material modeling. The developments of using MD simulations to investigate debonding and crack propagation through fiber-matrix interfaces, as well as deformation and damage mechanism of concrete hydration products are introduced. Finally, multi-scale modeling which is the bridge between macroscale and nano-scale is presented, with emphasis on meso-scale approaches.
Macro-Scale Modeling
The development of concrete macro-modeling started when people began to realize the importance of having reliable analytical models for predicting the loading conditions that can cause functionally inoperable damage or collapse to concrete structures. In macro-scale modeling of concrete, macroscopic constitutive equations are of great importance for describing material properties and the engineering design of reinforced concrete structures. [7] Macroscopic constitutive models regard concrete as homogeneous material. The key to constructing macroscopic constitutive models of concrete is to accurately describe the change of material constants with stress state, which is based on the information provided by experimental technologies. Because it is difficult to obtain accurate stress-strain relationship by strength test under multiaxial stress, and the uniaxial test is convenient to implement. Therefore, the constitutive model of macroscopic concrete is mostly based on the extension of 1D experimental observations of stress-strain relationship to complex stress state under certain assumptions. [8] Different hypotheses lead to different mechanical theoretical basis which including linear elastic models, [9] nonlinear elastic models, [10] plastic models, [11] damage models, [12] and new interdisciplinary models. [13] In macroscopic constitutive models, elastic and plastic models are theoretical models because they are developed from classical elasticity and plastic mechanics in order to describe the mechanical properties of concrete. The constitutive equations of concrete in the elastic range are embodied in Hooke's law. The plastic model of concrete is based on the flow plasticity theory, considering the loading path and hardening of concrete. Because of the hypotheses of mechanical theories, the calculation of concrete is approximated. Mathematically, the mechanical behavior of concrete cannot be accurately presented by theoretical models. Unlike the theoretical model, the damage model is a semiempirical model that combines theory with experiment, with constraints closer to the practicalities than in the theoretical model. The emergence of damage mechanics theory has provided a new theoretical framework for the study of the concrete constitutive model. After experimental and theoretical research, the damage model of concrete was proposed during the 1970s. Earlier proposed damage models of concrete were the elasticdamage models. In elastic-damage models, concrete is regarded as an isotropic material. Furthermore, these models assume that the orientation of defects is distributed uniformly in all directions. The Kachanov-damage model, [14] Loland-tensile damage model, [15] and Mazars-damage model [16] are representative models of the elastic-isotropic damage model that were developed in the 1980s. These models are established according to the piecewise stress-strain curve with the hypothesis that there are no initial defects or that the initial defects do not expand. However, the propagation of cracks in concrete is anisotropic. Therefore, with the further development of damage theory, various plastic damage models under different stress conditions have been proposed. The Sidoroff-damage model [17] and Krajcinovic-damage model [18] are representative models of plastic damage models. On the basis of traditional plastic theory, damage surfaces are introduced to these models. In order to simplify the calculation, the plastic-anisotropy model assumes that concrete will not be damaged before peak stress. Additionally, the stochastic damage constitutive model was proposed in the 2000s after the discreteness of the stress-strain curve was discovered. [19] This model is mainly based on the randomness of damage field and damage evolution. However, because this model is so complex, there are few practical applications at present. Compared with damage models, the nonlinear elastic model of concrete has a simple form which is beneficial when applied in practice. The nonlinear elastic model is obtained by regression analysis of a large number of experimental results and is representative in empirical models. Compared with other macroscopic constitutive models of concrete, the non-linear elastic model involves simple professional concepts and a simpler form, and can guarantee accuracy of calculation from the test results. Therefore, the non-linear elastic model is widely used in the practical analysis and design of concrete structures.
Numerical methods are very important for applying the constitutive equations of concrete to structural analysis. At the macroscale level, the classical continuum theory is the basis for modeling of cementitious materials. This continuous approach can be easily implemented with classical FEM. FEM is used to solve partial differential equation problems with specific boundary conditions and can be applied to various physical fields described by differential equations. The founding work of FEM can be traced back to the early 1940s. [20, 21] With decades of www.advancedsciencenews.com www.advtheorysimul.com development, many large-scale or special-purpose program systems for engineering design have been developed, such as ANSYS, [22] ABAQUS, [23] and SESAM. [24] However, the limitation and difficulty in using FEM is the excessive reliance on meshing. Mesh method, mesh size, and mesh adaptation in the modeling process can affect simulation results and accuracy. [25] In concrete modeling, classic finite element theory should not be used for analyzing certain problems such as fracture. When modeling the propagation of various discontinuities, such as strong (cracks) and weak (material interfaces), traditional FEM has its difficulties because it relies too much on mesh boundary propagation.
In order to overcome the limitations of the FEM in modeling the propagation of discontinuities, XFEM was proposed based on classic FEM in the 1990s. [26] The earliest XFEM was used to solve the problem of linear elastic fracture. XFEM expands the conventional FEM and solves the problem of crack propagation in the FEM using the idea of independent mesh generation. The advantage of XFEM is the simplification of the modeling of discontinuous phenomena and the mesh can be completely independent of the morphology of modeling entities. [27] In the analysis of fracture problems, one XFEM method is the singularity-based method, which introduces the asymptotic function describing the stress singularity near the crack tip and the discontinuous function describing the jumps in displacements across the crack surfaces.
After introducing CZM, quasi-brittle fracture can be simulated by XFEM. In the framework of the XFEM method, the tension-separation cohesion behavior of element materials is introduced to simulate the initiation and propagation of cracks. In this method, the failure process of materials is simulated by CZM and the crack behavior is simulated by XFEM. CZM was first developed for modeling the crack behavior and brittleness of concrete materials, and is now considered a powerful damage mechanics approach for analyzing the fracture process. The first CZM was developed in the 1960s, and was considered a possible alternative for fracture mechanics in brittle materials. [28] Afterward, CZM was extended to plastic materials by postulating the concept of a processing zone at the crack tip. [29] Based on the previous research, the fictitious crack model (FCM), which can predict the fracture behavior of quasi-brittle materials with pre-existing cracks was proposed. [30] A study on FCM for analyzing crack growth in cementitious materials was conducted in the 1990s. [31] CZM has since been used to model the stable fracture process in a number of materials, such as polymers, [32] metal, [33] functionally graded materials, [34] ceramic materials, [35] and bimaterial systems. [36] Although the CZM incorporating XFEM is widely considered an effective and powerful tool for quantifying crack growth in various materials, there are still some difficulties in simulating crack growth. Unlike in the traditional FEM, cohesive elements are inserted between discrete elements in the finite element simulation of CZM. The debonding process is then controlled by imparting a special traction-separation behavior to these interface elements. Because it is important to express these processes accurately, determining the suitable material parameters, validity of meshing, and prediction of the crack growth direction become difficult. The prediction of the crack propagation path for arbitrary curves, in particular, still cannot be solved by this method. [37] Moreover, in many practical structural design cases, the propagation of cracks can be very complex, especially when modeling 3D paths of cracks; the results calculated by XEFM may be quite different from the actual situation and its calculation process can be complicated.
In macro-scale modeling of concrete, concrete is considered a homogeneous material. The averaged properties cannot reflect the localized problems well that are vital in failure state in massive structures. Material failure is an important factor that limits material performance. Therefore, in the improvement of materials, researchers need a more fundamental method for modeling material failure. This is also a reason to enter a smaller scale for concrete research. In addition, empirical models based on experimental data are limited by experimental conditions, so different experimental measurements may lead to different results.
Nano-Scale Modeling
When cementitious materials are described at nanoscale, atomistic simulations are reliable, efficient, and widely used methods of calculation that focus on the atomic properties of concrete. [38] An earlier development of molecular simulations was published in the 1950s, studying the dynamics of a hard sphere system consisting of several hundred particles. [4] The development of MD is closely related to the computational performance of computers. With the great improvement in computational performance during the third scientific and technological revolution, molecular dynamics simulations have developed rapidly in recent decades as a powerful tool in the fields of chemistry, physics, materials science, biology, pharmacy, mechanics, etc. With the application of MD simulations to the construction industry, there have been great advantages in using nano-additives to enhance the performance of concrete. [39] MD simulations can also explain debonding and crack propagation, which are key issues in FRP concrete, through fiber-matrix interface. [40] Furthermore, deformation and cracking after loading, as well as the effects of confined water can be investigated through atomistic models of cement hydration products. [41] As the bottom-up modeling approach is widely proposed in the material field, [42] correct restoration of the atomistic structures of the research object at nano-scale has become an important issue. It is important that atomistic models are able to explain the nature of materials. In addition, atomistic models need to make the results of MD simulations consistent with the experimental results. Therefore, understandings and clear definitions of the composition and microstructure of target systems are necessary. In particular, the crystalline forms of component minerals and the description of interaction between atoms are the basis for MD simulations. Bottom-up models need to be developed based on experimental characterizations, which can be solved by following experimental technologies. SEM can be used to observe the surface topography of the test specimen at the nanoscale, and also to study the crack propagation and the non-uniformity of the composition. TEM can be used to observe the nanostructure of the composite material to determine the dispersion state of the nanoparticles. The resolution of the TEM is 0.1-0.2 nm. AFM is an analytical instrument for the surface structure of solid materials. XRD can obtain the composition of materials, determine the atomic and molecular structure of crystals, and also obtain www.advancedsciencenews.com www.advtheorysimul.com the information of chemical bonds between atoms in materials. DSI, also called nanoindentation, which can achieve a pressure depth of 0.1-100 nm, and can measure the mechanical properties of materials such as elastic modulus, hardness, fracture toughness, viscoelasticity, and creep behavior at the nanometer scale.
For complex composite materials such as concrete, in particular, the selection of the focus of modeling is the key of construction of atomistic modeling, which will greatly affect the quality of the model. Generally speaking, concrete consists of two parts; one is cementitious material, the other is aggregate. The properties of aggregates are superior to those of cementitious materials. Generally, fatigue of materials starts from the interface between the aggregates and the interior of cementitious materials. Hence, the cement matrix is the focus of modeling at any scale. When following the bottom-up concept, the cement matrix has four major components: tricalcium silicate (3CaO•SiO 2 ), dicalcium silicate (2CaO•SiO 2 ), tricalcium aluminate (3CaO•Al 2 O 3 ), and tetracalcium ferrialuminate (4CaO•Al 2 O 3 •Fe 2 O 3 ), which are known as C 3 S, C 2 S, C 3 A, and C 4 AF. [43] When cement is mixed with water, complex physical and chemical reactions occur, called hydrates. The hydration process and hydration production provide many study directions for researchers. Calcium silicate hydrate(C-S-H) is the main hydration product and also the glue and binder that makes fine and coarse aggregate everything together. Micromechanical tests, Ca/Si ratio, density, water content, and tetrahedral coordination of silicate are issues in the atomistic models of C-S-H. The reasonably accurate force fields used in cementitious materials are ClayFF, [44] INTERFACE force field (IFF), [45] Cement force field (CementFF), [46] CSH-FF force field [47] and Reax force field (ReaxFF). [48] ClayFF was originally developed for simulating clay-related phases and mineral-water interfaces, and its improved form is known as CSH-FF. CementFF is applicable to all cementitious materials. IFF was proposed in 2003 and has rapidly developed ever since; it is used to describe inorganicorganic and inorganic-biomolecular interfaces. ReaxFF is a kind of reactive force field, that has been widely used to study combustion, catalysis, gas-phase reaction, and material failure. These force fields can appropriately simulate the interface issues that cannot be investigated in macro-scale modeling. The details of the applications, physical background, advantages, limitations, as well as particularities are shown in Table 1 .
Nano-scale modeling of concrete hydration process is important for obtaining the accurate model for cementitious materials. An early attempt at a full atomistic model for the microstructure of C-S-H in cement paste was made in 2000. [49] This was a breakthrough in the civil engineering industry and solved the historical problems of concrete, namely the service life of concrete. Specific atomic descriptions and the emergence of full atomistic modeling allow researchers to study deformation and cracking after loading from the nano-scale. [50] It can be observed that the most notable development in the last 10 years is flowering. A realistic atomistic model for cement hydrates was proposed in 2009; it explored the interplay between chemical composition and density and focused on understanding basic deformation mechanism, diffusion properties, and electrical properties. It was a milestone in the development of cementitious materials modeling. [41] Additionally, for practical application of nanostructured concrete after improving its function, research on the workability of Table 1 . Introduction and comparison of force fields.
ClayFF [44] CSH-FF [47] IFF [45] CementFF [46] ReaxFF [48] Scope of application Mineral/water interfaces nanomaterial concrete has been conducted in the 2010s. [51, 52] The current belief is that adding extra fibers into cement is a good approach for achieving better concrete performance. MD simulations can provide a basis and insights for explaining the deformation and failure mechanism of fiber-reinforced systems through interface models between fibers and matrix. [53] High stiffness, high strength fibers are the perfect combination for low cost, widely used Portland cement because the composites they form greatly enhance the mechanical properties and durability of the single component. [54] Improvement is achieved by preventing or controlling the initiation, propagation, or coalescence of cracks in the composite. [55] Interface bonding issues between fibers and cement matrix are key to the enhancement of the mechanical properties of fiber reinforced composites. [56] However, the existing macro-response measurements are insufficient for revealing the dominant role of fiber-matrix interface characteristics and the potential mechanism of deformation. The debonding of fibers and matrices starts at the atomic scale, and macrodetection methods may not be able to explain the uncertainties about sustainability and durability. Nano-scale simulations can help researchers overcome barriers to application of fiber reinforced concrete (FRC). The introduction of the bottom-up approach used in FRC research is shown in Figure 3 . The hierarchy of structures and the types of components are the basis for FRC modeling. Steel fibers, glass fibers (GF), synthetic fibers such as carbon fibers and aramid fibers, and natural fibers such as basalt fibers are the general additive fibers for cement. [57] The modeling of the fiber occurs much earlier than the matrix. Glass fibers, of which silica is the main component, became the first type of fibers used in MD simulations, [58] followed by carbon fiber cement simulation. [59] The most common used structure in carbon fiber nano modeling is graphite because of its simple structure and maneuverable character. [60] For some natural or synthetic fibers with irregular structure and complex composition, for example aramid fibers and basalt fibers, only basic ingredients are considered in MD modeling. [61] In addition, sea water is now preferred to fresh water in the concrete production process. FRP rebars are widely used in order to solve the corrosion problem of steel bars in seawater environments. Due to the development of FRP composites, simulation of cross-linked polymer matrix has improved. Different dynamic cross-linking algorithms have been proposed for different cross-linked structures [62] [63] [64] and different cross-linking ratios. [65] These models and methods provide a basis and insights for explaining the deformation and failure mechanism of the organic-inorganic interface.
The performance of the fiber-matrix interface in different environmental conditions greatly affect the long-term performance of FRP concrete, which can be presented fundamentally by MD simulations. [66] The discontinuity caused by the interface between two different materials is one of the main reasons for the failure of composites. [67] Moisture, alkalinity, and temperature changes can lead to adhesion degradation or even debonding at the fiber-matrix interface. [68] Therefore, MD simulation is a helpful tool to investigate the deterioration mechanism of the seawater FRP concrete. At first, silica is widely used for simulating the matrix because it is the main component of concrete aggregate and has a simple structure; as such, it is a better choice for simplifying the model. Studying interface behavior and understanding debonding phenomena are applications of this simplified model. [69, 70] The fundamental impact of changes in the environment on materials systems has also become a popular research direction. The change in FRP-concrete interface behavior caused by temperature sensitivity of epoxy resin at elevated working temperature has been analyzed. [68, 71, 72] Studies on the effects of moisture on the interface have found that water and salt solutions can reduce the bonding energy and thereby disrupt the fiber-matrix interfacial bonding. [73] MD simulation is consistent with the macroscopic experimental results in this respect, and provides a reasonable theoretical explanation for the macroscopic debonding phenomenon. [69, [74] [75] [76] [77] [78] [79] At the same time, with the improvement of simulation capabilities and the advancement of microscopic experiments, the transport of water and ions in nanopores of C-S-H gels has been investigated. [80, 81] However, realistic and integral cement hydration-fiber interface models have still not been established in the research field.
The above-mentioned atomistic approaches have shown great potential to be used in cementitious materials. Atomistic modeling can investigate mechanical properties, [82] thermal properties, [83] the effect of fiber concentration on the elastic constant and stress-strain response of FRP composites, [55] and nanocomposites interface such as adhesive and debonding issues. [84] In MD simulations, in particular, the physics of the www.advancedsciencenews.com www.advtheorysimul.com fiber-matrix interfacial stress transfer can be studied by capturing the molecular configurations under loading conditions. [85] Therefore, MD simulation is a powerful tool for studying and explaining debonding and crack propagation through the fiber-matrix interface; these are two key issues in research into FRC. [86] In addition, in the material design, the nano-level angle gives researchers a deeper understanding and a more detailed analysis. Whether improving the adhesion between the fiber and the substrate or studying the properties of the material, MD simulations can speed up the evaluation process and have powerful predictive capabilities, whereas in experiments these are difficult to complete, take longer, or are more expensive. Hence, this advantage of nano-scale modeling cannot be replaced by any macro modeling or experiment. [87] Although there are discrepancies in timescale and length scale between atomistic models and the real world, they can still bridge the gap, and we can see the efforts of the research community from the historical development.
Multi-Scale Modeling
Concrete and other cement-based materials exhibit variability across many length scales from nano to macro, including micro, and meso-scale. Basically, all engineering materials and natural materials exhibit variability on a certain length scale, which can affect the properties of materials. As an important construction material, concrete is a multiphase composite material which includes coarse aggregates, fine aggregates, mineral additives, and cement hydration products. It is impossible to have a complete understanding of concrete from a single point of view, and many observations will not be reasonably explained. Therefore, it is momentous for academics and engineering to link different scales of modeling together. Based on the different representation of computational domain, there are two popular computational classes of methods at multi-scale modeling. One is the continuum-based model at particle level and another is the atomistic-based model at sub-particle level.
Continuum-based multi-scale model is a quantitative model that can reflect complex structures and provide valuable quantitative information. Introducing concrete heterogeneity into macromodeling that was proposed based on finite element analysis was an earlier attempt at multi-scale modeling. For simple heterogeneous periodic or quasi-periodic materials, the frequentlyused approach of multi-scale modeling is usually a finite element analysis by a representative volume element (RVE). The idea of combining homogeneous theory with discretization of the dimensionless FEM was first proposed in 1987. [88] This traditional discrete model consists of discrete spheres and cylinders transformed from aggregate and fiber volume, and the finite element mesh is adjusted by an algorithm. [89] This early attempt at multi-scale modeling was a breakthrough in the application of the FEM. Later, in the early 2000s, a new description method for the behavior of heterogeneous structures was proposed, with each macroscopical integration point assigned to a unit for independent finite element calculation. [90] [91] [92] At the same time, the two-scale modeling scheme was improved in 2001 using the variational method, [93] which is another typical application of multi-scale modeling for simulating heterogeneous media with fine microstructures. However, the above-mentioned multi-scale approaches are not sufficient for the damage analysis and interpretation of the damage mechanism because they are based on the continuum theory. In the local continuum theory, these atomistic methods can give the information of materials in a RVE, as well as the interfaces, but the potential correlation between particles/fibers cannot be captured in the RVE approach. Due to the damage of materials originating from the breakage of atomic bonds, modeling of cementitious materials has to be assessed at a meso-scale level with the particle correlation taken into account. Therefore, coupling modeling of nano-scale and meso-scale modeling is needed for deep insight into complex cementitious materials.
Coupling with the rapid development of nano-scale modeling, meso-scale modeling was introduced in order to build linkages between the nano-scale and macro-scale models. [94] In meso-scale modeling, the first level heterogeneities are introduced, which are coarse aggregate, mortar matrix and interfacial transition zone (ITZ). Further subdivisions of the mortar matrix could be regarded as fine aggregates and hardened cement paste. Mesoscale modeling is the approach for studying the influence of the microscopic concrete composition on the macroscopic properties and could help us to gain insight into the origin and nature of the nonlinear behavior of concrete. The meso-scale organization has been proven to be useful and practical for materials research from the electron-microscopy imaging, nanoindentation experiments, and small-angle neutron scattering.
The first original concept of meso-scale modeling was proposed in 1984. [95] From electron-microscopy imaging, nanoindentation experiments, and small-angle neutron scattering, it has been proven that research into meso-scale organization is a useful and practicable approach for studying the influence of the concrete composition on macroscopic properties and can help gain insight into the origin and nature of the nonlinear behavior of concrete. [96] The first meso-scale model of concrete is represented at sub-particle level. In order to represent concrete mesostructure numerically, the cement matrix and aggregates are generated first, and then each particle of aggregate is mapped onto a finite element grid. After years of development, mesoscale modeling has been widely applied to the modeling of cementitious materials. In order to reflect better the mesoscopic structure of concrete, the random sampling principle of Monte Carlo's simulation method was introduced to meso-scale modeling in order to generate the random geometrical configurations of the aggregate particles. This method was used by most researchers in the 1990s, with varying degrees of sophistication. [95] [96] [97] [98] The interface modeling between fiber and matrix is also an important part of the mesoscopic modeling of cementitious materials. Interpreting MD results using other length scales is the popular approach of investigating the interface in meso-scale. This approach can solve the problem of time and length inconsistency between MD simulations and experiments, which contributes to the application of MD simulations. An earlier breakthrough in applying MD simulation to engineering was made in 2011, linking up the atomistic concept with macro-scale structural engineering by studying the organic-inorganic interface. [69] The study demonstrated the applicability of the nano technique to macro structural problems, and gave an insight into the failure mechanism of multi-layered material systems usually encountered in composite structures. Afterward, another study published in 2012 explained how to link the results of MD simulations with FEM using a multi-scale modeling approach. [99] The adhesion in organic-inorganic interface is represented by the worm-like-chain (WLC)-based fracture model. The intrinsic strength of the epoxy-silica interface derived from MD simulations can be applied to the CZM in finite element simulation to predict the macroscopic behavior of the interface. At that time, research in this field was only in its infancy, but this multi-scale prediction model is still very meaningful, especially for concrete structures. [75] In addition, the meso-scale modeling of C-S-H gel, which is the major hydration product in the cement matrix, can be used to link the microscopic structure of C-S-H to mechanical properties of cementitious materials. [43, 100, 101] A colloidal model that described the corresponding elastic properties was proposed in 2012, and can be tested in experiment observations. [102] It is undeniable that this model has significant value. However, in that study, the C-S-H particles were platelet shaped instead of being spherical shaped. Accurate models are still needed in this field. A new coarse-grained (CG) model for cement made a great contribution to the scale-bridging issue in 2015. After careful calculation, a disc ellipsoid that has better consistency with the macroscopic experimental results is generated, which realizes the connection from nano-scale to macro-scale. [103, 104] The above-mentioned classic strategy of multi-scale modeling is implemented as shown in Figure 4 . These models make use of the efficiency of the macro-model and the accuracy of the nano-model, and can provide us with the desired multi-scale accuracy.
Future Prospects
The future of modeling cementitious materials is bright, as modeling technique is an important approach for analyzing and innovating concrete, and can help improve its mechanical properties and environmental friendliness. In an era when sustainable development has become an overriding consideration, new scientific concepts can directly affect the way we use and prepare cement materials. [105] Its huge carbon emissions and rapid consumption of natural resources make concrete a major building material that has a pernicious effect on the ecological environment. Cementitious materials, as the main component of concrete, are inevitably to blame. Furthermore, concrete structures usually need to encounter in aggressive environments for a long period of time, and consume a lot of human and material resources for maintenance and repair. [106] Therefore, the durability of cementitious materials is important for materials science and academia. With the increase in the service life of buildings, the enhancement of concrete performance, and the reduction of maintenance resources, the use of cementitious materials can be greatly reduced, thus reducing overall carbon emissions. In this way, many benefits can be brought to us through the improvement of concrete durability. Modeling is an indispensable approach in durability research, which is an efficient and economical method for understanding and describing the Figure 5 . The fundamental approach to study the durability of concrete: Durability is studied to avoid material failure which due to the interaction of atoms. MD simulations is a very useful tool for modeling materials and surroundings at atomic-level which can explain the fundamental mechanism of the material failure phenomenon. The conventional approach of the durability study is mainly conducted through experiments with accelerated testing techniques. Compared with MD, the results are empirical.
engineering characteristics of cement-based systems. [107, 108] Modeling can also help reduce the number of test and error cycles required in the development of new materials or the study of improving the properties of materials. [109] Research into concrete mechanical properties, exposure properties, degradation processes, and methods for resisting early deterioration have developed remarkably in the past two decades. [110] Nevertheless, study into the internal essence of this complex composite material is still at its beginning. In addition, humans can absorb the wisdom of nature and find inspiration in the advanced structure of natural evolution. Natural materials can be used as additives for cementitious materials, and can also provide inspiration for the design of concrete structures.
Improving Bottom-Up Modeling of Cementitious Materials
Researchers can essentially investigate the damage and deformation mechanisms of cementitious materials through nanoengineering approaches, because the macroscopic damage and change of materials are actually bonding, fracture, and energy problems that start at the atomic scale. When it comes to the mechanical properties of concrete, the properties of cement hydration products and the bonding properties between the cement matrix and aggregates are the key impact factors. Progress has been made in the study of cement hydration products through nano-engineering approaches. Many nano-scale and meso-scale C-S-H models have been proposed in recent years. [41, 102, 103, 111, 112] However, the composition of cement hydration products is variable, and an accurate description of C-S-H still needs to be provided by future researchers. Furthermore, issues related to bonding properties between the cement matrix and aggregates are worthy of attention. The debonding issues between the fiber matrix and aggregates have already been much studied at the nano-scale. [64, 74, 76, 78, 99] In existing modeling studies, the matrix has been simplified, for instance by using silica as the matrix. Few studies have been reported that directly use C-S-H gel as the matrix in a nano-engineering approach. In the future, the C-S-H model can be used to study the interfacial properties of cementitious materials.
Improving Durability of Cementitious Materials
The long-term performance of concrete is worthy of attention, because durability is related to the safety of buildings in longterm service and safety has always been the primary consideration in the construction industry. Improving the durability of cementitious materials can prolong the service life of buildings and also reduces the cost of construction. Macroscopic damage and change in materials are actually bonding, fracture, and energy problems that start at atomic scale. For analysis of nanoscale behavior of cementitious materials, traditional macroscopic research methods are not suitable. From the comparison of bottom-up and conventional approaches in durability studies of concrete shown in Figure 5 we know that, by understanding www.advancedsciencenews.com www.advtheorysimul.com the interaction between materials and their surroundings at the molecular level, MD simulation can be effectively used to study the durability of the system. This breaks away from the shortcomings of empirical modeling in the traditional field, explains the experimental phenomena from the most fundamental point of view, and can put forward reliable predictions and speed up the evaluation process.
Nanoparticles can be added into concrete in appropriate proportions to produce new materials that are stronger and more durable than traditional construction materials. [113] Having a high surface to volume ratio can improve the early compressive and flexural strength of concrete. The addition of nanoparticles can also improve the properties of concrete and reduce the porosity. While improving strength and durability, the addition of nano-additives can reduce the usage of cement. FRP concrete and the FRC system are two typical representatives of new cementitious materials. For these complex composites, interfacial issues are vital to the fundamental explanation for experimental observations that can be simulated in MD. For binding fibers into FRP concrete in particular, the results of MD simulations can provide suggestions as to which polymer to choose. A lot of research has been carried out using force field-based molecular dynamics to study the interaction between fibers and matrix. [69, 76, [114] [115] [116] [117] [118] Typically, recent studies have found that polymers with a backbone containing aromatic rings are promising to match carbon nanotubes in noncovalent binding of composite structures. [119] There are also other ways to meet the environmental concerns about cementitious materials, such as using recycled and renewable materials, and adding additives that can increase mechanical properties. [120] [121] [122] [123] [124] [125] [126] In order to reduce the irreversible impact on the ecological environment caused by excessive exploitation of river sand, the feasibility of replacing fresh water and river sand with sea sand and sea water has been investigated in experiments, [127] [128] [129] including the influence of ions in sea sand and sea water on the properties of concrete, [130, 131] the combination with FRP rebars, [132, 133] etc. However, the simulation of cementitious materials themselves, ways to make the model more realistic, and molecular dynamics studies on the interface between fibers and cement hydration have been less studied. Moreover, few studies have been carried out that simulate molecular dynamics in seawater sea sand concrete and recycled concrete. The bottom-up study can simulate the whole process of corrosion and concrete immersion in seawater and explain the mechanism in a fundamental manner, which would not be achieved by experiments. These aspects deserve attention in the future.
Inspiring Bio-Inspired Cementitious Materials
In the design of new materials with special functions, the advanced structures of natural evolution give human beings inspiration. Bionic material is an important branch of bionics. By studying the structural characteristics and structureactivity relationship of biological materials, engineering efficiency can be improved by bionic simulation of materials such as biomimetic toughened ceramic materials, which essentially use laminar composites consisting of sandwich structures formed by protein and nacre shell in order to solve the brittleness of ceramic materials. [134, 135] Such ideas can also be applied to the construction industry. Concrete and composite materials derived from concrete are artificial materials. Although a lot of research has been done, the internal mechanism still needs to be explored. It is foreseeable that the current research on materials including mollusk shells and wood with ideal properties can provide research inspiration or solutions for the design of durable building materials. Natural materials have complex composition and a hierarchical structure, so it is not easy to model them. [136] Modeling needs to be based on a comprehensive understanding of the properties of natural materials. The first step is to characterize their mechanical and structural properties. Since the mechanical behavior originates at the molecular level, the nanoscale approach should have a fundamental position in research. MD simulation can include nanoscale features from functional groups, which are closer to the mechanical basis of natural materials. This nanoscale research method can give us in-depth insight into structures that cannot be reached by experimental research, and provide researchers with inspiration from the foundation of materials.
Bio-materials can be used as additives for building materials to enhance mechanical properties in the future. Modern science and technology can also be inspired by nature, such as chitin and chitosan, which are both natural polymers that contain the sub-organisms of Lepidoptera and Arthropoda. Nano-scale studies show that the flexibility of fibers in chitin structure is affected by the arrangement of acetyl groups. [137] A study has found that the mechanical properties of composite fibers can be improved by the incorporation of chitin nanofibrils into the chitosan matrix through molecular dynamic simulations. [138] These modern scientific studies have shown that chitin and its derivatives can be used in the design of bio-inspiring materials.
The force transfer path and deformation mechanisms of bamboo and wood can provide inspiration for the design of concrete structures with lighter weight, higher strength, and better toughness. Additionally, the constituents in bamboo and wood can also be used in traditional cementitious materials as additives. Modeling about bamboo is mainly focused on three main components: cellulose fiber, hemicellulose matrix, and lignin. [139] From elasticity to plasticity, the deformation mechanism of wood and bamboo has been clearly elucidated by the nano-scale approach. Moreover, MD simulation shows that the basic reason for lignin's surface-dependent adsorption on cellulose is Van der Waals interaction and hydrogen bond interaction. [140] In addition, other studies have shown that cellulose nanofibers are good candidates for reinforcing fillers of composites because they can enhance their mechanical properties. [141] [142] [143] These cases prove that inspiration from the nano-perspective of natural materials can be implemented and innovative results can be achieved. It begins with the analysis of natural materials and gradually moves toward the bionic design and treatment of these materials. Some interesting results from bio-inspired design and processing have been obtained and offer the possibility of industrial application, while a wide range of bio-inspired processes for material recovery and enhancement are far from complete. In particular, the application of bio-inspiration in cementitious materials is only at its beginning, and its broad future requires the cooperation of scientists from different disciplines around the world.
Key Challenges

Macroscopic Modeling
Although macroscopic modeling of concrete has been developing for a long time, the combination of constitutive models based on different mechanics theories and the transition between microdefects and macro-damage are the key challenges for macro-scale modeling. Due to the limitations of various mechanics theories and methods, the concrete constitutive models still have the following challenges. First, a single type of constitutive model cannot fully describe all the characteristics of stress-strain relationships among cementitious materials. The combination and fusion of theories between different types of constitutive models need to be studied. Second, for macro-scale research, empirical modeling is its inherent limitation. Due to the averaging of experimental results, a material model based on macroscopic experiments cannot explain the local problems causing material failure. Third, there is no unified standard for constitutive model experiments so far. The most effective method for verifying the correctness, accuracy, and applicability of a constitutive model is to compare with the experimental results, but there is no standard for constitutive tests on concrete. The test techniques and methods related to the constitutive relationship of concrete materials need to be further improved. Fourth, a transition between microdefects and macro-damage is needed. With the development of scanning technology and micro-photography technology, it is important to study the effect of micro-defects on stress-strain characteristics of concrete materials. Ascertaining how to establish the macro-micro relationship and the transition between microdefects and macro-damage is worth doing. Therefore, the development of experimental equipment, the development of mechanics theories, a unified testing standard, and a bridge between micro-defects and macro-damage are needed for the future of macroscopic modeling.
Atomistic Modeling
Nano-scale modeling is a very powerful tool because the deepseated problems of materials can be mitigated. With the improvement of theory and the development of computational performance, some macro-unsolvable problems have been transferred to the field of meso-scale modeling and nano-modeling for finding solutions. Although it is undeniable that MD simulations are gaining strong momentum and have been well applied in many fields, there are still many challenges and obstacles overshadowing the development of molecular dynamics and computational prediction, such as difficulties in obtaining accurate chemical composition and structure of cementitious materials in experimental observations, lack of appropriate force fields, differences in length scale and time scale with practical application, and coupling modeling techniques between MD and FEM.
The difficulties in obtaining an accurate structure for cementitious materials in experimental observations is a challenge for nano-scale modeling. MD simulation needs to understand the molecular structure of complex structures in order to simulate the corresponding material system correctly. However, a better understanding of cementitious materials is difficult because the nanostructures and precise atomic structures of the main hydration products are not well studied. Furthermore, because of the varying chemical composition of C-S-H, many traditional modeling methods are not well applied in the study of this material. With the development of micro-experimental technology, the composition and structure of cementitious materials are expected to be reconstructed accurately.
Lack of appropriate force fields for describing the interaction between atoms in cementitious materials is also an obstacle. An accurate force field is necessary to obtain the actual molecular motions and evaluate the relative properties in practical situations. For specific parameters of interactions between components, we need to be proficient in quantum mechanics calculations as well as experimental validation. However, there exist too many different components in the concrete system. Although some recent works [144] [145] [146] have made improvements in the accuracy of force fields for specific materials and interfaces, there still needs to be more effort to comprehend the nano-engineering approach.
The difference between MD simulations and the applications of construction materials in length scale means that MD simulations cannot be directly used in macroscopic applications. Multi-scale modeling is necessary to overcome these constraints on length scale. Many studies have explored ways to transform the MD simulation results into the properties of macroscopic materials by selecting appropriate theories, so as to compare with FEM simulation results and experimental results. Through meso-scale, the CG model for cement has made a great contribution to the scale-bridging issue. [103, 104] The disc ellipsoid in that paper can be generated after calculation, which is consistent with the macroscopic experimental results. Besides the CG model, an effort has been made to link the results of MD simulations with FEM, which applies the intrinsic strength of epoxy-silica interface derived from MD simulations can be applied to the CZM in a finite element simulation in order to predict the macroscopic behavior of the interface. [75, 99] This work realizes the connection between nano-scale and macro-scale; however, more efforts are still needed to overcome the obstacle of length scale. For the difference in timescale, the appearance of steered molecular dynamics solves the direct connection between MD simulation results and micro-measurement results. [144] This method introduces timedependent external forces into MD simulations which can couple with the AFM. Therefore, through this method, the timescale limitation of MD simulations can be overcome.
Furthermore, coupling of atomistic and continuum computations is very attractive but also very challenging. [147] [148] [149] Computational multi-scale modeling methods (such as MD-FEM coupling methods) are proposed for linking concrete macro-scale behaviors with the underlying atomic processes that are originally responsible for material behaviors. [150] In this approach, crack propagation and nucleation involves not only the generation of meshes, but also the fracture of atomic bonds at the boundary of elements. As such, the fundamental atomic mechanisms involved in the initiation and evolution of damage can be coupled with macroscopic deformation through this approach. [148, 151] However, this is a very challenging field. First, it is difficult to establish information transfer between atoms and elements. Second, a single element in macro-scale may contain a large number of atoms. With the increasing volume of modeling, MD-FEM coupling methods require lots of computational power, which limits their range of application. Furthermore, the problem of how to formulate precisely the seamless computational connection at interfaces between different materials has not yet been solved. [152, 153] Researchers should not be pessimistic about the abovementioned challenges. The global accelerating urbanization process and the increasing demands are good opportunities and motivations for scientific research. Also, the progress in laboratory technology and instruments and the leap in computer computing performance provides a great opportunity for cementitious materials.
Conclusions
Modeling is an important approach for investigating the behavior and performance of cementitious materials. In this paper, the development of cementitious materials modeling including macroscale modeling, nano-scale modeling, and multi-scale modeling has been reviewed. In macro-scale modeling, accurately describing the macroscopic stress-strain relationship is the key issue for macroscopic modeling of concrete. The development of macromodeling is related to the development of both mechanics theories and experimental techniques. Macroscopic modeling is intuitive and closely integrated with engineering application. Even concrete can be considered as a homogeneous material in some engineering applications, the averaged experimental results cannot well illustrate the localized problems that are vital towards failures in massive structures. Therefore, for the improvement of materials, researchers need to enter into nano-scale. The development of nano-scale modeling is based on the enhancement of calculating ability, as well as the accurate construction of material microstructures and the selection of appropriate force fields to describe the interaction between molecules. Through nanoengineering approaches, the macroscopic deformation of concrete, cement, FRP systems and other cement-based materials can be investigated in a fundamental manner. Moreover, concrete with better mechanical performance, durability and sustainability can be further investigated through nano-scale modeling by adding nano-materials. However, because of the spatial and temporal difference between atomistic simulations and practical application of materials, MD simulations need to be linked up with macro-scale modeling through multi-scale modeling. The bridging between nano-scale and macro-scale modeling can be implemented in several ways. It is predicted that multi-scale models including descriptions of structures and interactions through enhanced simulation methods will make a great contribution to construction materials. Furthermore, the impact of coupling MD simulations with FEM, as well as the presentation of atomistic models in meso-scale, will be tremendous. In spite of the challenges, it is undeniable that nanoscale and multi-scale modeling have achieved great success, which will have a profound impact on the development of cementitious materials this century.
